Introduction

Identification of GroEL D87K as a Trap
Chaperonins are ring assemblies that carry out an of Nonnative Actin essential role in a variety of cellular compartments, Several mutants of GroEL have served as traps of its mediating ATP-dependent protein folding. The chapersubstrates, able to bind nonnative forms but not release onin present in the eukaryotic cytosol, called CCT (chapthem, and it seemed possible that these molecules eronin containing TCP-1), comprises two rings of eight might be able to trap nonnative forms of the CCT subdissimilar subunits arranged back-to-back to form a cylstrates, actin and tubulin. Two different GroEL mutants inder (for review, see Kubota et al., 1995; were tested, a double mutant, G337S/I349E, that affects 1996). There is a large central cavity at each end, which the GroEL apical domain, and a single mutant, D87K, is the site of binding of unfolded substrate polypeptide that affects the phosphate binding loop in the equatorial (Marco et al., 1994) . Unlike its distant relatives, Hsp60 domain and abolishes ATP hydrolysis (Weissman et al, and RUBISCO binding protein in organelles, and GroEL 1994) . To evaluate the competence of either mutant as in the prokaryotic cytoplasm, CCT appears to function a trap of nonnative actin, we directly bound 35 S-methiowithout the assistance of a cochaperonin analogous to nine-radiolabeled human ␤-actin to chaperonin by diluprokaryotic GroES. In further contrast, while Hsp60 and tion from denaturant, purified the respective binary comGroEL participate in the folding of many polypeptides, plexes by gel filtration, and then incubated them with CCT has so far been shown to play an essential role in ATP to test whether any release occurred. Because revivo in mediating the folding of only two cytoskeletal leased forms might simply rebind to the trap mutant, we components prone to aggregation, actin and tubulin supplied the reaction with a heterologous chaperonin (e.g., Ursic and Culbertson, 1991; molecule, CCT itself, to report on released forms, be-1993; Vinh and Drubin, 1994) . Similarly to GroEL, howcause it could both efficiently bind nonnative actin and ever, CCT specifically binds nonnative forms of these be physically separated from GroEL in a nondenaturing proteins and, in the presence of ATP, discharges them gel. in native form (e.g., Gao et al., 1992; Yaffe et al., 1992) .
When the 337/349 mutant was tested, extensive transThe mechanism of such folding by CCT remains a subfer of the GroEL-bound actin to CCT was observed (Figure 1A) . Even at the earliest point, immediately after ject of contention. S-labeled ␤-actin (0.1 pmoles) was diluted 100-fold from 7.5 M urea into an MES buffer, containing either the GroEL mutant, D87K, or G337S/I349E (0.4 pmoles), and incubated at 30ЊC for 16 min. Binary complexes were purified by gel filtration, concentrated to 1 M, mixed with 0.2 M bovine CCT and 1 mM ATP, and either frozen in liquid nitrogen (t 0 ) or incubated at 30ЊC for 40 min (t 40 ), then frozen. Samples were thawed into buffer containing 5 mM EDTA and fractionated in a 4% native gel (Gao et al., 1992) . The gel was displayed in a PhosphorImager (Molecular Dynamics). (B) Most of the newly trans-lated ␤-actin is associated with CCT after 6 min of translation in reticulocyte lysate. ␤-actin mRNA was translated in rabbit reticulocyte lysate at 30ЊC in the presence of [
35 S]-methionine for 6 min. Cycloheximide was then added to 2 mM, and either CCT action was quenched by chilling to 4ЊC and depleting ATP by addition of 0.4 U/l hexokinase (HK) and glucose (glc) (to 40 mM; depletion occurred in Ͻ5 sec, as determined by PEI-cellulose chromatography), or the mixture was further incubated at 30ЊC for 40 min (chase), then quenched. Samples were chromatographed on a Superose 12 column including 10 M ATP to stabilize native actin, and fractions analyzed by SDS-PAGE. Radioactivity in full-length ␤-actin was quantitated using a PhosphorImager, and the amount displayed as a percentage of the total ␤-actin applied to the column. (C) Time course of production of the native conformation of CCT-bound ␤-actin chains during a chase in cycloheximide. ␤-actin was translated for 6 min and cycloheximide added as in (B), and incubation continued at 30ЊC. At various times thereafter, aliquots of the lysate mixture were quenched (4ЊC/HK/glc) as in (B), and the amount of native ␤-actin determined by incubation with DNAse I beads (see Experimental Procedures). The amount of native actin recovered was expressed as a percentage of the total input actin. (D) Addition of D87K trap inhibits production of native actin. Aliquots from a 6 min translation reaction were either directly quenched (4ЊC/ HK/glc) or chased for 40 min in the presence of cycloheximide and exogenously added chaperonin (2 M final concentration). The amount of native actin in the lysate mixture was then determined as in (C). Hatched bars indicate the amount of native ␤-actin present at the end of the 6 min translation. (E) Most of the actin chains initially bound at CCT at the end of the 6 min translation reaction become associated with D87K during the 40 min chase. A 6 min ␤-actin translation mixture treated with cycloheximide was supplemented to 2 M D87K and either quenched (4ЊC/HK/ glc) or chased at 30ЊC for 40 min, then quenched. CCT and D87K were separated (see Experimental Procedures), and the fractions displayed in SDS-PAGE. Full-length ␤-actin was quantitated using a PhosphorImager and expressed as a percentage of the total input material prior to fractionation. (F) Time course of transfer of ␤-actin to D87K trap. ␤-actin was translated for 6 min and chased in the presence of cycloheximide and D87K addition of ATP, transfer of radiolabeled actin (16%) to ‫)%09ف(‬ was captured by the D87K trap, shown directly by fractionating the reaction mixture ( Figure 1E ). A time-CCT was observed. By 40 min, the transfer was much more extensive (60%). Moreover, at this later time, a course study showed transfer to be rapid: ‫%05ف‬ of the full-length chains reached D87K in the first 30 sec, and portion of the input actin had reached native form, observable at the position of monomer in the gel (Figure another 30% by 2 min ( Figure 1F ). Such transfer was dependent on ATP hydrolysis-mediated release of actin 1A). These latter molecules had apparently transferred to CCT and been productively folded by it. Thus, the from CCT; no transfer was observed when ADP or AMP-PNP were substituted (not shown). The rate of release GroEL 337/349 complex appears to be incompetent as a trap of actin, because it rapidly and extensively reof nonnative actin from CCT, as measured by transfer to trap, is at least several-fold greater than the rate leases the nonnative protein in the presence of ATP. In contrast, the D87K mutant appeared to be much more of production of the native state ( Figure 1F ). This is consistent with the notion that multiple cycles of release effective as a trap. Even after 40 min of incubation with ATP and CCT, 95% of the input radioactive actin reand rebinding are required for all of the input CCT-bound molecules to reach native form. Correspondingly, for any mained associated with D87K ( Figure 1A) .
given round of hydrolysis-driven release, only a small fraction of the actin molecules reaches native form Production of the Native Form of Actin ‫.)%01ف(‬ Consistent with an ongoing process of release Translated in Reticulocyte Lysate Is and rebinding of nonnative forms, when D87K was Inhibited by Addition of D87K Trap added at later times during the chase period instead of We next examined the effect of addition of D87K trap at the beginning, most of the actin that had not yet on folding of actin synthesized in reticulocyte lysate in reached native form was prevented from doing so (Figa pulse/chase experiment. After a 6 min pulse, 75% ure 1G). of the newly synthesized full-length radiolabeled actin molecules were found associated with CCT ( Figure 1B ), confirmed by coimmunoprecipitation of the radiolabeled Injection of D87K Trap into Xenopus Oocytes Inhibits Folding to Native Form of Newly actin with anti-CCT antibody (shown in Figure 4B ). The remaining 25% of the full-length actin chains fractionSynthesized Endogenous Actin A similar experiment was next carried out in vivo to ated in gel filtration at the position of actin monomer ( Figure 1B ) and had apparently already reached native address the suggestion that in the intact cell, where there is a high local concentration of macromolecules, form during the translation reaction, confirmed by observation that ‫%03ف‬ of the full-length actin molecules in nonnative proteins might be prevented from departing from chaperonins (Ellis and Hartl, 1996 ; Martin and Hartl, the lysate at 6 min bound to DNAse I-agarose beads (t 0 point in Figure 1C ). DNAse I has previously been shown 1997). In preliminary studies with the large and accessible X. laevis oocyte, we observed that actin is ‫%1ف‬ of to bind native actin with high affinity (Lazarides and Lindberg, 1974) , but, importantly, does not bind nonnanewly synthesized soluble protein, and that CCT has a high abundance ‫1ف(‬ M) in this cell. Given substantial tive forms, for example, those released from wild-type GroEL by ATP (not shown). levels of both substrate and chaperonin, it seemed feasible to test whether newly made actin is released from The fate of actin molecules associated with CCT after 6 min of translation was followed during a subsequent CCT in vivo in a nonnative form that could be captured by microinjected D87K trap. We first established that chase in the presence of cycloheximide. The native state was reached with first-order kinetics, with ‫%05ف‬ of the an injected macromolecule would have rapid access to the large cytosolic volume of the oocyte, totaling ‫052ف‬ nonnative forms reaching the native state during the first 2 min of chase ( Figure 1C ). We next examined whether nl. In a control study, we injected fluorescent rhodamineconjugated IgG in a buffer solution into the animal pole of addition of exogenous chaperonin to the chase mixture had any effect on recovery of native actin. When addian oocyte, while observing the opposite, vegetal aspect under time-lapse video fluorescence microscopy (Figtional CCT, purified from bovine testis, was added in a 10-fold molar excess ‫2ف(‬ M) over endogenous CCT ure 2A). When volumes of either 18 nl or 50 nl of IgG solution were injected, the vegetal surface became (estimated at ‫2.0ف‬ M), full recovery was observed (Figure 1D ). However, when the D87K trap was added at brightly lit within one second, reflecting rapid distribution of the fluorescent protein through the volume of ‫2ف‬ M concentration, the folding of the CCT-bound actin chains to native form was nearly completely inhibthe cell. We next performed an experiment similar to that carited: only ‫%01ف‬ of the nonnative actin chains present at 6 min reached native form, even after a chase of 40 ried out in the reticulocyte lysate. We observed that, when cells were harvested 5 min after injection of min ( Figure 1D ). The balance of the nonnative chains as in (E). At various times, aliquots were quenched (4ЊC/HK/glc), then fractionated as in (E). The amount of actin transferred to D87K is expressed as a percentage of the total input ␤-actin present after 6 min translation. The dotted line denotes, for comparison, the increment of native actin produced during the time course of an identical experiment, in the absence of trap, calculated from (C) by subtraction of the amount of native actin present at the end of 6 min (28%) from the values plotted. (G) D87K added to the lysate at later times of chase inhibits further production of native ␤-actin. ␤-actin was translated for 6 min and chased in the presence of cycloheximide. Aliquots were removed and directly quenched at 4ЊC with HK/glc (closed circle). D87K was added to additional aliquots at 1, 2, or 4 min of chase, and aliquots of these mixtures were quenched with 4ЊC/HK/glc at subsequent times (closed triangle, closed square, and closed diamond, respectively). The amount of native actin was determined as in (C).
Experimental Procedures), where they were coprecipitable with anti-CCT, while ‫%52ف‬ were recovered at the position of monomeric actin. These latter molecules had apparently reached native form, because ‫%52ف‬ of the input actin in an unfractionated extract was bound to DNAse I-agarose beads. An additional ‫%51ف‬ of the actin molecules fractionated with a molecular mass of ‫081ف‬ kDa, in a complex observed in other studies (Yaffe et al., 1988) . Actin in this complex occupies a nonnative conformation as judged by protease susceptibility tests (not shown), but can reach the native state, competent to bind DNAse I beads, if mixed with an ATP-containing reticulocyte lysate (data not shown).
We next examined folding of the CCT-bound actin in the oocyte, during a chase in cycloheximide, monitoring production of native actin by its ability to bind to the DNAse I-agarose beads. With injection of purified bovine CCT, all of the actin molecules reached native conformation by 30 min ( Figure 2B ). In contrast, if ‫01ف‬ M D87K trap was present, only a small amount ‫)%5ف(‬ of the nonnative actin reached the native state. The remainder had apparently become bound to trap, as had been directly demonstrated in the reticulocyte lysate. Here, transfer could not be directly demonstrated because of technical limitations in purifying the specific binary complex from all of the other newly translated radiolabeled proteins. duced by photo-cross-linking 8-azido-ATP to the chapepifluorescence microscope, with the animal pole facing upward eronin and incubation at 30ЊC. This ostensibly produced and the vegetal pole viewed from below through a 3.2ϫ Zeiss objective. Rhodamine-IgG solution (50 nl) was microinjected into the ani-molecule and endogenous CCT were separated in anion-exchange chromatography ( Figure 3C ). We conclude that CCT-mediated folding of tubulin is also asso-35 S-methionine, ‫%06ف‬ of radiolabeled full-length actin ciated with release of predominantly nonnative forms molecules in the soluble extract were recovered in the from chaperonin, with only a small percentage of molecules reaching the native state in any given round of 900 kDa CCT-containing fraction ( Figure 2B and see Figure 2B , except that tubulin was identified in the gel filtration fractions of a 10 min labeling reaction by a tubulin coassembly assay (left panel). After labeling, cycloheximide and either CCT or CCT trap were microinjected, and after 30 min, oocytes were homogenized and the clarified fraction subjected to a coassembly assay (right panel). The hatched bar indicates the amount of native tubulin present at the end of the 10 min translation period.
Production of Native Tubulin Both in Reticulocyte Lysate and in Xenopus Oocytes Is Also Inhibited by Trap
release, and with the majority of released tubulin requiret al., 1996) prompted us to test whether it is a substrate of CCT. In reticulocyte lysate, we observed that, after ing further rounds of binding/release to reach the native state.
a 15 min translation, most of the newly made protein localized in the 900 kDa gel filtration fraction ( Figure  4A ), where it was coimmunoprecipitable with anti-CCT G␣-Transducin Is a Nonstructural Substrate of CCT Whose Folding to Native Form antibodies ( Figure 4B ). The bound protein, as with other chaperonin-bound substrates, occupied a conformation Is Also Inhibited by Trap Observations that transducin, the cytosolic G ␣ protein more protease-susceptible than the native form ( Figure  4C) , and, as with other CCT substrates, addition of ATP involved with retinal phototransduction, exhibits aggregation-prone behavior both in vitro upon dilution from led to productive folding, measured here both by chase into a monomer-sized species ( Figure 4A ) and by ability denaturant and when expressed in E. coli (e.g., Skiba S]-methionine. Cycloheximide was added, and the lysate divided into three portions: one received no additions, HK/glc was added to a second, and a third received EDTA to 5 mM. After further incubation for 30 min at 30ЊC, the samples were gel filtered (Superose 12) in MES buffer supplemented to 20 M GTP. Fractions were analyzed by SDS-PAGE, and full-length G ␣t measured using a PhosphorImager. The amount of G ␣t recovered in each fraction is shown as a percentage of the total applied to the column. (B) Coimmunoprecipitation of newly translated G ␣t with CCT in reticulocyte lysate. G ␣t was translated for 15 min at 30ЊC, cycloheximide was added, and the mixture further incubated as in (A) in the presence (pulse) or absence (chase) of 5 mM EDTA. The major product of the translation reaction (lysate) was confirmed to be G ␣t by immunoprecipitation with anti-G␣t MAb 4A (precip). Association with CCT was confirmed by immunoprecipitation using anti-CCT MAb 23c ([pulse] and [chase] ). Similar ATP-dependent release of actin and tubulin is shown for comparison. (C) G ␣t bound at CCT occupies a protease-susceptible conformation. A 15 min G␣t translation reaction and one chased in cycloheximide for 30 min were fractionated by gel filtration, and the G ␣t-CCT binary complex and G␣t monomer fraction, respectively, were treated at 20ЊC with 2 U/ml endoproteinase Lys-C (Boehringer Mannheim) in the presence of 1 mg/ml BSA. At the indicated digestion times, aliquots were removed and proteolysis halted by addition of SDS sample buffer. (D) G ␣t translated in reticulocyte lysate reaches native conformation, able to associate with rod outer segment membranes and be released upon exposure to light and GTP␥S. G ␣t was translated for 15 min, followed by a 30 min chase in cycloheximide. The reaction mix (50 l) was incubated at 20ЊC for 15 min with an equal volume of illuminated ROS membranes. Half of the mixture was removed as an initial sample (IS). ROS membranes were pelleted from the remaining half and the supernatant analyzed by SDS-PAGE (S1). The membranes were washed twice with 100 l of hypotonic buffer, and the supernatants analyzed (S2 and S3). The membranes were then resuspended in hypotonic buffer supplemented to 0.1 mM GTP␥S, and after centrifugation, an additional supernatant fraction was analyzed (S4). The fraction of G ␣t recovered in each supernatant fraction was displayed as a percentage of the G ␣t in the initial sample. (E) Newly translated G ␣t in a primary rat retinal culture becomes bound to CCT and is subsequently dissociated. Single retinas were radiolabeled with [
35 S]-methionine at 20ЊC for 30 min (steady state) or for 10 min (pulse), followed by a 30 min chase. Extract from the steady-state-labeled cells was immunoprecipitated with anti-G ␣t MAb 4A, and extract from pulse and pulse/chase incubations were immunoprecipitated with anti-of G ␣t in the chase mixture to bind to purified rod outer segment (ROS) membranes, the normal site of G ␣t in signaling-competent heterotrimeric G protein complexes. As an indication that G ␣t had reached native form and properly assembled into heterotrimeric complexes, it was released from the ROS membranes when GTP␥S was added in the presence of light activation ( Figure 4D) .
In both gel filtration and ROS membrane binding assays, only ‫%05ف‬ of the input G ␣t initially bound to CCT reached the native form, while the balance remained CCT bound. The reason for incomplete conversion is unknown. The same steps of biogenesis were recapitulated in a primary culture of retinal rod cells ( Figure 4E ): when the culture was pulse radiolabeled, newly translated G ␣t was found associated with CCT, detected by coprecipitation with anti-CCT antibodies; in contrast to the in vitro results, the bound protein was completely dissociated from CCT during a subsequent chase ( Figure 4E ).
We tested whether release of nonnative G ␣t occurs during CCT-mediated folding. In control studies, the D87K GroEL mutant was observed to function as a competent trap of G ␣t bound by dilution from denaturant (not shown). When D87K was added to lysate containing newly translated G ␣t , most of the CCT-bound protein did not reach native form in a subsequent chase in cycloheximide, judged here by failure to bind to the ROS membranes ( Figure 4F ): in the presence of trap, only ‫%51ف‬ of the G ␣t reached assembly-competent form compared with 50% in its absence. Thus, with a noncytoskeletal substrate, folding to native form also appears we revisited a previous experiment of Cowan and coof the native state in association with cycles of release workers showing that ␣-tubulin could acquire GTP bindand rebinding of nonnative forms of substrate. Notably, ing competence following addition of ATP to a purified however, whereas in the studies with purified compo-␣-tubulin-CCT binary complex (Tian et al., 1995b) . nents, production of the native state occurred over a Here, following a 5-min incubation in the presence of time span of an hour and was in some cases not comthe nonhydrolyzable ATP analog, AMP-PNP, release of plete, in the present studies, both in reticulocyte lysate ␣-tubulin from CCT did not occur, as judged by failure and in the intact oocyte, we observed virtually complete to observe any significant transfer of radiolabeled recovery of the native state of actin within 2-5 min. The ␣-tubulin to D87K ( Figure 5B ). Despite this lack of rereason for the lower rates and efficiency observed with lease, a fraction of the molecules ‫)%5ف(‬ acquired GTP the purified components is unclear. Perhaps other combinding competence with AMP-PNP, as with ATP (Figponents , present in the reticulocyte lysate, e.g., chaperure 5B). It thus seems that at least the GTP binding ones of the Hsp70 family or cis-trans prolyl isomerases, site can fold to its native form while ␣-tubulin remains enhance the rate and efficiency of the reaction. associated with CCT.
The findings presented here do not support the conclusion drawn from a recent study in reticulocyte lysate Discussion that CCT-mediated folding of actin occurs through a single round of association of the newly translated proRelease of Nonnative Forms during Folding tein with CCT (Frydman and Hartl, 1996) . Such a concluMediated by the Cytosolic sion was based on the failure of the 337/349 GroEL Chaperonin, CCT mutant to interfere with actin folding. That result was Experiments reported here in the physiologic settings reproduced here ( Figure 1C , last bar), but is accounted of reticulocyte lysate and intact Xenopus oocytes with for by the inability of the 337/349 molecule to function two established substrates of the cytosolic chaperonin, as a competent trap: it rapidly released bound actin in actin and tubulin, and with a newly identified substrate, the presence of ATP ( Figure 1A ), and when CCT was transducin, demonstrate that the newly translated forms present, released molecules were bound by it and proof these proteins become bound by chaperonin in nonductively folded ( Figures 1A and 1C ). native form, and that chaperonin-mediated folding to Release of nonnative forms during the chaperonin renative form ensues in association with cycles of ATPaction is reminiscent of the behavior of GroEL with such driven release and rebinding of nonnative forms. In parsubstrates as rhodanese, RUBISCO, and malate dehyticular, both in reticulocyte lysate and in intact Xenopus drogenase, where production of the native state occurs oocytes, after approximately 5 min of translation, the in association with multiple rounds of release and remajority of the newly translated substrate molecules binding of nonnative forms (reviewed in Fenton and Horwere found associated with CCT. When a trap molecule, wich, 1997). Here, as with GroEL, rapid transfer from able to bind but not release nonnative forms, was intro-CCT to trap was observed, with a t 1/2 of 30 sec, a rate duced at this point, production of the native state during at least 5-fold faster than the rate of production of the a subsequent incubation was strongly inhibited. For all native state ( Figure 1F ). Moreover, consistent with ongothree substrates, addition of trap appears to have coning cycling, when trap was added at later times during fined the CCT-mediated folding reaction to one round the folding reaction, it quenched the refolding of those of release of substrate, such that only ‫%01-%5ف‬ of the molecules remaining in nonnative form. Rebinding of molecules initially bound at CCT reached native form, substrate proteins at GroEL appears to be associated whereas the remainder failed to do so and were shown with resumption of the same nonnative state as initially to have been captured by the trap. The native fraction bound, and may involve partial unfolding that serves to correlates well with the amount of native actin produced lift a protein out of a kinetically trapped conformation during a single turnover of ATP by CCT-actin binary (e.g., Ranson et al., 1995; Todd et al., 1996) . Presumably, complex (Melki and Cowan, 1994 ) (cf. Figure 1C ). Asrebinding by CCT has the same action, but direct evisuming that only release from CCT can produce the dence concerning the nature of CCT-rebound intermedinative state of the substrate proteins, this implies that ates is lacking. multiple cycles of release and rebinding are required for all of the input molecules to reach native form. This is supported by the observation that addition of trap at Commitment to Native Form Appears to later times during actin folding produced the same deOccur in the Central Channel of CCT gree of inhibition of productive folding of that portion
In the case of both CCT and GroEL, a fraction of subof actin molecules that were nonnative. strate molecules reaches the native state during each The mechanisms of folding observed here, in both a round of release, as judged by kinetic observations. A physiologic lysate system and in vivo, are in agreement major question has concerned whether this occurs at with an earlier in vitro study using purified components chaperonin or in solution. In the case of GroEL, committhat observed ATP-driven release from CCT of both nament to the native state, i.e., production of a conformative and nonnative forms, the latter of which could assotion no longer recognizable by chaperonin, has been ciate with exogenously added mitochondrial Hsp60 established to occur in the central channel underneath (Gao et al., 1994; Tian et al., 1995a ). Thus we conclude bound GroES cochaperone. The present studies supthat whether a full-length chain arrives at CCT from port that commitment to the native state with CCT also denaturant, as in that study, or from the translation maoccurs in the central channel: as with GroEL, even when chinery, as here, the mechanics of the subsequent folding reaction appear to be the same, involving production a large excess of trap is introduced to a folding reaction,
In Vitro Translation
a fraction of substrate molecules still escapes binding mRNA synthesized in vitro from human ␤-actin (Gunning et al., 1983) to trap and reaches the native state. This is not simply or bovine G␣t cDNA (Medynski et al., 1985) carried in the vector pCITE a function of inefficiency of the trap, because when the (Novagen) was translated in rabbit reticulocyte lysate (Promega).
D87K trap was added to reactions in which the native
Assays for Native Conformation form of actin could not be reached, for example during Native actin was assayed by specific binding to DNAse I covalently coupled to Affigel-10 (Biorad), prepared and used as described by futile refolding in the presence of GroEL/GroES/ATP, Rosenblatt et al. (1995) . A half volume of resin was added to samples virtually all of the actin was captured by trap (not shown).
‫03ف(‬ l) supplemented with 10 g/ml unlabeled actin to ensure
In more direct support of the conclusion that productive complete recovery of radiolabeled actin. A 1 hr incubation at 4ЊC
folding can occur at CCT, we observed acquisition of was followed by 5 ϫ 0.5 ml washes in 0.4 M NH4Cl, 10 mM Tris-HCl at least part of the native structure, the GTP binding (pH 7.8), 0.2 mM CaCl2, 0.2 mM DTT. Native tubulin was assayed site, of ␣-tubulin bound to CCT in the absence of any using the taxol-stabilized microtubule coassembly assay (Yaffe et al., 1988) . The specific activity of radiolabeled ␣-tubulin was deterrelease from the chaperonin, during incubation with the mined relative to total tubulin heterodimer at each point in the coasnonhydrolyzable ATP analog, AMP-PNP. cytosol that is quite different from one proposed retors (Gao et al., 1993; Melki et al., 1996; Tian et al., 1995 Tian et al., , 1996 see cently, in which substrate proteins reach chaperonin also Archer et al., 1995) .
directly from the site of synthesis at the ribosome and Native G␣-transducin was assayed by its ability to bind bovine are discharged only once (Frydman et al., 1994; rod outer segment (ROS) membranes, as described (Faurobert et al., 1993) , except that the membranes were not stripped of endogenous and Hartl, 1996; Hartl, 1996) . More generally, the evi- nonnative forms partition among chaperone compomM GTP␥S wash relative to the total starting material. Note that in the Lys-C proteolytic test (Figure 4C ), native G ␣t is selectively nents kinetically, according to the relative association cleaved at Lys-17 and Lys-25 (Mazzoni and Hamm, 1991 Gragerov et al, 1992; Buchberger et al., 1996) . Such completed within 45 sec, and cells were incubated for 5 min at 20ЊC partitioning may play a critical role in determining the in 1 mM HEPES (pH 7.4), 2.4 mM NaHCO3, 1 mM KCl, 0.8 mM MgSO4, 80 mM NaCl. Where indicated, a second injection was made with fate of newly synthesized proteins.
31.6 nl containing 10 mg/ml cycloheximide and, for actin experiments, 60 mg/ml CCT or GroEL D87K or, for tubulin experiments, 60 mg/ml CCT or CCT trap.
Experimental Procedures
For harvesting, oocytes were transferred to a microfuge tube and the excess buffer gently aspirated, then the pooled cells were hoProteins mogenized in 2 l per oocyte of buffer (20 mM HEPES [pH 7.4], 50 Preparation and Purification mM KCl, 1 mM DTT, 0.2 mM CaCl2, 4 mM cycloheximide, 1 mM Actin and tubulin were purified from bovine brain by repetitive cycles PMSF) supplemented with 0.5 g/ml leupeptin, 2 g/ml aprotinin, of disassembly/assembly (Sternlicht and Ringel, 1979; Levilliers et 0.4 U/l HK, and 40 mM glc. Cell debris and yolk platelets were al., 1984). CCT was purified from bovine testis according to Melki removed by centrifugation at 15,000 ϫ g for 10 min at 4ЊC. , and GroEL mutants were prepared as described supernatants from 300 oocytes were pooled ‫004ف(‬ l) and gel filin Weissman et al. (1994) .
35 S-methionine-labeled mouse ␣-tubulin tered in the same buffer containing 2 mM MgCl 2. For actin assay, and human ␤-actin were obtained from E. coli inclusion bodies as fractions corresponding in elution position to CCT, 180 kDa comdescribed (Gao et al., 1992 (Gao et al., , 1993 , with specific activity ‫01ف‬ 7 cpm/ plex, and actin monomer were incubated at 30ЊC for 30 min with a g. CCT trap was generated by photo-cross-linking 8-azido-ATP to half volume of reticulocyte lysate to allow complete conversion to purified CCT (Shoemaker and Haley, 1993) : under subdued light, native form, then quantitated using DNAse I beads. For assay of 100 l of 0.1 M 8-azido-ATP was added to 900 l of 1.5 mg/ml CCT tubulin, similar fractions (prepared by breaking the oocytes in buffer in 5 mM MES (pH 6.8), 10 mM KCl, 1 mM MgCl 2, and the mixture lacking CaCl 2 and supplemented to 1 mM with EGTA) were incubated photolyzed at 254 nm using a UV lamp (I ϭ 1780 watts/cm 2 ) held for 30 min at 30ЊC with a half volume of reticulocyte lysate and 0.2 at 2 cm distance for 2 min at 4ЊC. Unbound 8-azido-ATP was remg/ml microtubule protein to allow complete conversion of tubulin moved by dilution/concentration using a Centricon 30 (Amicon), the to native form, then quantitated using the microtubule coassembly procedure was repeated, and the cross-linked CCT was incubated assay (Yaffe et al., 1988) . for 2 hr at 30ЊC and purified by gel filtration (Superose 6). ATP hydrolysis of CCT trap was ‫%51ف‬ that of unmodified CCT, but ability to bind urea-denatured ␣-tubulin was unaffected. For detecting Transducin Synthesis in Rat Retinal Cells Working under red light, retinas dissected from adult male Longtransfer of ␤ actin from CCT to D87K in reticulocyte lysate, samples were first supplemented with CCT (to 2 M) to facilitate its detection Evans hooded rats sacrificed 6 hr after switching to a dark cycle, were incubated for 25 min at 20ЊC in DMEM without methionine through chromatography steps, and the chaperonins were purified by Superose 12 gel filtration followed by MonoQ chromatography.
(GIBCO-BRL), then in 100 l of the same media supplemented with
